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The a p p l i c a t i o n  of s a t e l l i t e  da ta  t o  a r e c e n t l y  developed rada r  
techn ique  used t o  es t ima te  convect ive r a i n  vol imes over areas i s  our  
p r imary  concern. The Area-Time-Integral (ATI)  techn ique prov ides  a 
means o f  e s t i m a t i n g  t o t a l  r a i n  volumes over f i x e d  and f l o a t i n y  t a r g e t  
areas o f  t h e  o rde r  o f  1,000 t o  100,000 km* f o r  c l u s t e r s  l a s t i n g  
>40 min (Doneaud -- e t  al., 1981a, 1984a). 
e x i s t e n c e  o f  a s t r o n g  c o r r e l a t i o n  between t h e  radar  echo area coverage 
i n t e g r a t e d  over t h e  l i f e t i m e  o f  t h e  s to rm and t h e  radar  es t imated  r a i n  
volume. The techn ique does not r e q u i r e  c o n s i d e r a t i o n  o f  t h e  s t r u c t u r e  
o f  echo i n t e n s i t i e s  measured by rada r  o r  o t h e r  means t o  generate r a i n  
volumes; o n l y  t h e  area covered by rada r  echoes >25 dBz o r  by 
p r e c i p i t a t i o n  measured a t  t h e  ground. 
The bas i s  o f  t h e  method i s  t h e  
A v a r i e t y  o f  v i s i b l e  (VIS) and i n f r a r e d  ( IR )  methods f o r  observ ing  
c l o u d  p r o p e r t i e s  and us ing  them as p r e d i c t o r  v a r i a b l e s  f o r  r a i n  volume 
e s t i m a t i o n  were developed i n  the l a s t  15 years  ( B a r r e t t  and Mar t in ,  
1981). Some of t hese  methods considered c loud  h i s t o r i e s  i n  t h e  ca l cu -  
l a t i o n  process (i.e., G r i f f i t h  e t  al. ,  1976). Negr i  -- e t  a l . (1984) 
found t h e  Gr i f f i t h -Wood ley  T e c h Z q F ( G W T )  q u i t e  complicated, as i t  
n e c e s s i t a t e s  d i f f e r e n t  conversion f a c t o r s  f o r  each stage o f  c loud  
development f o r  a g iven cl imate. 
s i m p l i f i e d  v e r s i o n  o f  t h e  technique. 
used t o  a d j u s t  t h e  magnitude o f  t h e  es t imates  when u s i n g  t h e  GWT 
techn ique  i n  a much d r i e r  c l imate.  S c o f i e l d  and O l i v e r  (1977) have 
developed a s a t e l l i t e  r a i n f a l l  e s t i m a t i o n  method f o r  ope ra t i ona l  use 
i n  f o r e c a s t  o f f i c e s  p r i m a r i l y  f o r  f l a s h  f l o o d  p r e d i c t i o n  ( l a r g e  and 
l o n g - l a s t i n g  storms).  Negr i  and Ad le r  (1981) and Ad ler  and Mach 
(1984) found c loud h e i g h t - r a i n f a l l  r a t e  r e l a t i o n s  by cons ide r ing  
o n l y  t h e  p e r i o d  o f  maximum development o f  t h e  convec t i ve  system. 
The c i t e d  au thors  suggested a 
G r i f f i t h  -- e t  a l . (1981) showed t h a t  s p e c i a l  p recaut ions  should be 
The AT1 techn ique considers c loud  h i s t o r i e s  and requ i res  on ly  one 
convers ion  f a c t o r  t o  conver t  the AT1 t o  t o t a l  r a i n  volume. 
posed method l i m i t s  i n p u t  t o  only s a t e l l i t e  v a r i a b l e s  i n  e s t i m a t i n g  
r a i n  volumes. R e l a t i o n s  between d i g i t a l  count t h resho lds  which y i e l d  
areas t h a t  match areas >25 dBz used t o  determine t h e  ATI 's have t o  be 
found t o  extend t h e  technique. Other s a t e l l i t e  q u a n t i t i e s  such as 
c l o u d  top ,  minimum temperature, o r  thermodynamic p r o f i l e s  may a l s o  
be u s e f u l  t o  b e t t e r  understand s e l e c t i o n  processes t h a t  occur. 
The pro- 
The AT1 i s  t h e  product o f  t h e  area covered by convec t ive  r a i n  * 
events  ( r a d a r  echoes 2 5  dBz o r  p r e c i p i t a t i o n  measured a t  t h e  ground) 
and t h e  t i m e  i n t e r v a l  between radar scans o r  r a i n  gage measurements, 
i n t e g r a t e d  over t h e  l i f e t i m e  of t h e  convec t ive  event. 
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2. DATA AND DATA PROCESSING 
Radar and GOES r a p i d  scan s a t e l l i t e  da ta  were c o l l e c t e d  d u r i n g  
t h e  summer season o f  1981. The radar  da ta  were c o l l e c t e d  i n  Bowman 
(southwestern Nor th  Dakota) as a p a r t  of t h e  North Dakota Cloud 
M o d i f i c a t i o n  P r o j e c t  (NDCMP) and i n  M i l e s  Ci ty  (eas te rn  Montana) as a 
p a r t  o f  the Cooperat ive Convect ive P r e c i p i t a t i o n  Experiment (CCOPE), 
(F ig .  1) .  The r a p i d  scan s a t e l l i t e  da ta  were c o l l e c t e d  as a p a r t  o f  
CCOPE. 
The radar da ta  were processed a t  t h e  South Dakota School o f  Mines 
and Technology. The Bowman and M i l e s  Ci ty  radars were E n t e r p r i s e  
E l e c t r o n i c s  Corpo ra t i on  WR-100, 5.4-cm systems equipped w i t h  d i g i t a l  
v ideo  i n t e g r a t o r  and processor and magnetic tape  recorder.  Data were 
recorded whenever t h e r e  was convec t i ve  a c t i v i t y  w i t h i n  about a 150 km 
range a t  t h e  Bowman s i t e  and between 1O:OO a.m. and 1O:OO p.m. l o c a l  
t i m e  a t  the M i l e s  Ci ty  s i t e .  
angle, using 1" increments, was recorded rough ly  every 10 min a t  
Bowman and every 3 min (5 m i  n )  a t  M i  l e s  City. 
range were blanked ou t  t o  e l i m i n a t e  most o f  t h e  ground c l u t t e r  echoes. 
Radar rece ive r  c a l i b r a t i o n  da ta  were recorded be fo re  and a f t e r  each 
p e r i o d  o f  reco rd ing  convec t i ve  a c t i v i t y .  
processed f o l l o w i n g  procedures s imi  1 a r  t o  those descr ibed by 
Schroeder and K1 azura (1978). 
One volume scan up t o  15" e l e v a t i o n  
The f i  r s t  20 km o f  
The da ta  tapes were 
Only dBz values a t  low ti lt angles d e f i n e d  as 1" e l e v a t i o n  o u t s i d e  
50 km range, and 3" between 20 and 50 km a re  considered. 
p r i n t o u t s  o f  t h e  dBz values a t  low ti lt angle were prepared and con- 
v e r t e d  f r o m  spher i ca l  t o  a rec tangu la r  coo rd ina te  system. From these 
produc ts ,  i n d i v i d u a l  rada r  echo c l u s t e r s  were i d e n t i f i e d  by drawing a 
"boxll around each c l u s t e r  f o r  each scan. These c l u s t e r s  a re  s i m i l a r  
t o  t h e  small mesoscale areas o f  A u s t i n  and Houze (1972), o r  t h e  
convec t ive  complexes d e s c r i  bed by Super and Heimbach (1980). The 
coord ina tes  o f  t h e  boxes were en te red  i n t o  a computer program t h a t  
c a l c u l a t e d  t h e  echo areas f o r  t h e  25-dBz r e f l e c t i v i t y  t h r e s h o l d  and 
t h e  corresponding ATI 's.  The r a i n  volume f o r  each c l u s t e r  was com- 
pu ted  using an op t im ized  Z-R r e l a t i o n s h i p ,  Z = 155 R 1 - 8 8  (Smith e t  
- al., 1975). D e t a i l s  concerning t h e  process ing  o f  t h e  rada r  data- 
can be found i n  Doneaud -- e t  a1 . , 1984a). 
D i g i t a l  
V i s i b l e  and I n f r a r e d  S p i n  Scan - Radiometer (VISSR) da ta  f rom t h e  
GOESTEast and GOES-West were used. The GOES-East and GOES-West a re  
geos ta t ionary  s a t e l l i t e s  (C lark ,  1983) s t a t i o n e d  a t  75"W and 135"W, 
respec t i ve l y .  On a normal day, each t r a n s m i t s  two images pe r  hour o f  
t h e  e n t i r e  d i s k  of t h e  e a r t h  i n  bo th  t h e  v i s i b l e  (0.55 um-0.75 urn) and 
i n f r a r e d  (10.0 pm-12.5 urn) s p e c t r a l  wavelengths. Dur ing  "Rapidscan," 
a sma l le r  area i s  scanned and images are  t r a n s m i t t e d  more f r e q u e n t l y .  
H igh  temporal frequency V I S S R  d a t a  were t ransmi  t t e d  f rom GOES-West 
every  3 min du r ing  t h e  CCOPE experiment. "Rapidscanl' da ta  f o r  t h e  
18  cases analyzed were used t o  match, as c l o s e l y  as poss ib le ,  t h e  








0 0 lo s d 
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GOES-West except f o r  f o u r  images t h a t  were f rom GOES-East (1838, 1841, 
1941 GMT on 12 June and 0335 GMT on 2 J u l y ) .  The use o f  t h e  GOES-East 
da ta  helped i n  f o l l o w i n g  more c l o s e l y  t h e  e v o l u t i o n  o f  t h e  c louds by 
reduc ing  t ime gaps and making t h e  da ta  more cont inuous i n  nature.  
0 
Magnetic tapes o f  d i g i t a l  s a t e l l i t e  data were acqu i red  from the  
Bureau of Recl amat i on, t h e  Uni v e r s i  t y  o f  W i  sconsi  n through the  
- Nat iona l  Environmental S a t e l l i t e  Data  - I n f o r m a t i o n  - Serv ice  (NESDIS), 
and t h e  GnES da ta  a rch i ve  a t  CSU. 
The sa te l  1 i t e  data were processed a t  t h e  I R I S / D R S E S  ( I n t e r a c t i v e  
- Research Imaging System/Di r e c t  Readout S a t e l l i t e  E a r t h  S t a t i o n )  
f a c i  1 i t y  ,-located a t  CSUTs DepaFtment 07 Atmospheri c Science. 
I R I S / D R S E S  (Laybe, 1983) i s  a combinat ion o f  a r e a l - t i m e  GOES c o l l e c -  
t i o n  system and s a t e l l i t e  imaging system. The imaging system, I R I S ,  
i n c l u d e s  a c o l l e c t i o n  o f  a p p l i c a t i o n  programs f o r  t h e  man ipu la t ion  o f  
s a t e l l i t e  data. Once t h e  s a t e l l i t e  da ta  i s  processed i n t o  I R I S ,  t h e  
r o u t i n e s  f o r  1 )  nav iga t i on ;  2) remapping; and 3)  smoothing o f  
s a t e l l i t e  images are  performed. 
The 
The sa te l  1 i t e  imagery was remapped f r o m  t h e  s a t e l  1 i t e  coord i  na te  
system i n t o  a Lambert conformal p r o j e c t i o n  so t h a t  t h e  v e r t i c a l  and 
h o r i z o n t a l  dimensions o f  an image p i x e l  a re  nea r l y  equal. The 
o r i g i n a l  image was "blown-up" t o  a h ighe r  r e s o l u t i o n .  The r e s u l t a n t  
r e s o l u t i o n  o f  t h e  g r i d  remapped s a t e l l i t e  imagery i s  approximately 
2.47 km*. Thus, t h e  remapped i n f r a r e d  s a t e l l i t e  imagery appears very 
"b locky"  because t h e  o r i g i n a l  i n f r a r e d  r e s o l u t i o n  i s  32 t imes l a r g e r  
t h a n  t h e  r e s o l u t i o n  o f  t h e  remapped i n f r a r e d  imagery. 
The remapping r o u t i n e  d i v i d e s  t h e  i n p u t  image i n t o  d i s c r e t e  p a r t s  
and re loca tes  those p a r t s  accord ing t o  t h e  des i  red  p r o j e c t i o n  (Lambert 
conformal ) . 
t i n u i t i e s  o f  temperature between image p i x e l s .  An example o f  how t h i s  
r o u t i n e  changes t h e  s a t e l l i t e  imagery can be seen by comparing F ig.  2 
(non-smoothed) and F ig.  3 (smoothed). Smoothed images were used f o r  
v i s u a l  photographic products.  The non-smoothed images were used i n  
t h e  analys is .  
Thus , t h e  remappi ng r o u t i  ne can c r e a t e  sharp d i  scon- 
The v i s i b l e  counts were normal ized f o r  s o l a r  z e n i t h  angle (Minnis  
The v i s i b l e  counts a re  r e l a t e d  t o  energy by t h e  and Harr ison, 1984). 
r e l a t i o n s h i p :  
E = C 2  , (1 )  
where E i s  t h e  energy and C i s  t h e  v i s i b l e  count. 
normal ized by t h e  cos ine  o f  t h e  s o l a r  z e n i t h  angle, 
The energy was 
E EN = -  
















Fig. - 2: Remapped i n f r a r e d  imagery (non-smoothed) f o r  1 2  June 1981. 
Fig. - 3: Remapped i n f r a r e d  imagery (smoothed) f o r  12 June 1981. 
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where EN i s  t h e  normal ized energy and 6 i s  t h e  s o l a r  z e n i t h  angle. 
The normal ized v i s i b l e  count i s  determined by t a k i n g  t h e  square r o o t  
of t h e  normal ized energy, 
where CN i s  t h e  normal ized v i s i b l e  count. 
T h i s  no rma l i za t i on  procedure was a p p l i e d  t o  t h e  GOES-West v i s i b l e  
data.  The GOES-East v i s i b l e  data were normal ized i n  t h e  same fashion,  
w i th  t h e  except ion t h a t  t h e  r i g h t  s i d e  o f  Eq. (1) was replaced by t h e  
t e r m  (C-Co)*, where Co = 10. This  was necessary because t h e  s a t e l l i t e  
da ta  a re  unca l ib ra ted .  There i s  an observed d i f f e r e n c e  i n  zero p o i n t  
between the  two GOES (East  and West) v i s i b l e  sensors. The va lue o f  Co 
was der ived  by comparing b r igh tness  histograms f o r  bo th  GOES-East and 
West v i s i b l e  data over t h e  same geographica l  areas a t  approx imate ly  
t h e  same time. A f a i r l y  l a r g e  area was used (2  x 104 km*) t o  get a 
l a r g e  number o f  da ta  i n  t h e  h is togram c a l c u l a t i o n .  
fe rence between t h e  GOES-East and West images was approx imate ly  
15 min. The i n f r a r e d  s a t e l l i t e  de tec to rs  a re  s t a b l e  between images 
and a re  c a l i b r a t e d  t o  w i t h i n  55' a t  295'K (C la rk ,  1983). 
The t i m e  d i f -  
A radar s e c t o r  o f  i n t e r e s t  was de f i ned  t o  d e l i n e a t e  s p e c i f i c  radar  
echo c l u s t e r s  f o r  each radar  t ime  throughout  t h e  radar  echo c l u s t e r  
l i f e t i m e .  The radar  sec to r  o f  i n t e r e s t  was used t o  l o c a t e  t h e  convec- 
t i v e  c l u s t e r  respons ib le  f o r  t h e  r a i n f a l l  i n  t h e  remapped s a t e l l i t e  
data. The radar  echo c l u s t e r s  w i t h i n  t h e  de f i ned  sec to rs  o f  i n t e r e s t  
were i d e n t i f i e d  by drawing a "box" us ing  axes and r a d i a l s  t o  e n c i r c l e  
t h e  c lus te r .  The c l u s t e r  echo areas o f  >25 dBz r e f l e c t i v i t y  t h r e s h o l d  
and t h e  corresponding radar  AT1 and r a i n  volume were ca lcu la ted .  
Next, a s a t e l l i t e  sec to r  o f  i n t e r e s t  was de f i ned  by app ly ing  smal l  
adjustments t o  t h e  radar  sec to r  us ing  a manual process ing technique. 
T h i s  was done t o  avo id  i n c l u d i n g  c loud f e a t u r e s  suspected o f  no t  be ing  
de tec ted  by t h e  radar.  It i s  one o f  t h e  most d e l i c a t e  tasks  o f  t h i s  
i n v e s t i g a t i o n  because o f  severa l  cons idera t ions :  a) s a t e l l i t e  and 
rada r  systems respond t o  d i f f e r e n t  c h a r a c t e r i s t i c s  o f  c louds a t  d i f -  
f e r e n t  atmospheri c l e v e l s  ; b )  t i m e  d i  f f erences between sate1 1 i t e  and 
rada r  data s e t s  can vary by as much as 10 min; c )  s p a t i a l  p o s i t i o n i n g  
o f  t h e  s a t e l l i t e  observat ions r e l a t i v e  t o  t h e  radar  l o c a t i o n  necessi-  
t a t e s  e r r o r  i n c l u s i o n  due t o  l i m i t e d  accuracy o f  geometr ic cor rec-  
t i o n s ;  d )  v e r t i c a l  wind shear advects t h e  c loud  tops  downwind f rom 
t h e  l o c a t i o n  of t h e  radar  echo area; and e) i n  t h e  d e f i n i t i o n  of t h e  
match ing s a t e l l i t e  sec to r  o f  i n t e r e s t ,  t h e  i n c l u s i o n  o r  exc lus ion  of 
c i r r u s  sp issatus d e b r i s  i s  a very impor tan t  dec is ion .  I n  t h i s  work, 
i f  t h e  c i r r u s  d e b r i s  appeared t o  be complete ly  detached h o r i z o n t a l l y  
f rom t h e  radar  echo c l u s t e r ,  t h e  c i r r u s  c loud  cover  was excluded from 













To i l l u s t r a t e  t h e  processing techn ique used t o  de f i ne  a s a t e l l i t e  
s e c t o r  o f  i n t e r e s t  by app ly ing  adjustments t o  a radar  s e c t o r  o f  
i n t e r e s t ,  an example i s  discussed. 
F i g .  6(A-D), t h e  dashed l i n e s  i n  t h e  radar  PPI 's  represent  t h e  radar  
s e c t o r  o f  i n t e r e s t ;  t h e  continuous l i n e s  i n  t h e  IK s a t e l l i t e  images 
a r e  f o r  t h e  s a t e l l i t e  sec to r  o f  i n t e r e s t .  The s a t e l l i t e  sec to r  o f  
i n t e r e s t  a t  1759 GMT was reduced on t h e  n o r t h  s i d e  o f  c e l l  1 A  t o  avo id  
t h e  i n c l u s i o n  o f  t h e  no r the rn  c loud  system ( c i r r u s  d e b r i s )  i n t o  t h e  
computation. It w i l l  be seen l a t e r  t h a t  t h i s  a r t i f a c t  generated 
s u b s t a n t i a l  e r r o r s  i n  t h e  r a i n  volume e s t i m a t i o n  ( c e l l  1A). Th i s  
system i s  n o t  v i s i b l e  i n  t h e  radar PPI (1801 GMT), except f o r  a few 
weak c e l l s  l o c a t e d  very c lose  t o  t h e  n o r t h e r n  border  o f  t h e  radar  sec- 
t o r  of  i n t e r e s t .  A s i m i l a r  adjustment was made f o r  t h e  western border  
of t h e  s a t e l l i t e  sec to r  o f  i n t e r e s t  t o  avo id  t h e  i n c l u s i o n  i n  t h e  com- 
p u t a t i o n  c louds l o c a t e d  on the western border  of t h e  s a t e l l i t e  image. 
These clouds a r e  no t  v i s i b l e  i n  t h e  radar  PPI. Adjustments were a l s o  
made i n  a few o t h e r  s i t u a t i o n s :  I n  Fig.  6A a t  1941 GMT ( s a t e l l i t e  
t i m e )  n o r t h  of c e l l  1A;  i n  F i g .  6B a t  0218 and 0241 GMT ( s a t e l l i t e  
t i m e )  n o r t h  of c e l l  X2.  
As mentioned i n  t h e  legend o f  
E igh teen c l u s t e r s  l a s t i n g  1-5 hours were analyzed f o r  which both 
d i g i t a l  s a t e l  1 i t e  and radar data e x i  sted. 
i n  t h e  Bowman radar  area on 1 2  June and 2 Ju l y ,  and i n  t h e  M i l e s  C i t y  
r a d a r  area on 11 J u l y  and 13 July. Table 1 descr ibes  some charac- 
t e r i s t i c  q u a n t i t i e s  o f  these c l u s t e r s .  The 12 June c l u s t e r s  occurred 
d u r i n g  t h e  daytime, w h i l e  t h e  2, 11, and 13 J u l y  c l u s t e r s  occur red  
d u r i n g  t h e  n igh t t ime.  A t o t a l  o f  597 t i m e  steps o f  rada r  and 192 t i m e  
s teps  o f  s a t e l  l i t e  images were analyzed. There were approximately 
12-min t i m e  i n t e r v a l s  between scans on t h e  average a t  t h e  Bowman s i t e  
and 3-min (5-min) t ime  i n t e r v a l s  between scans a t  t h e  M i l e s  C i t y  s i t e .  
The 3-min t i m e  i n t e r v a l s  between scans recorded f o r  11 J u l y  and 
13 J u l y  a t  t h e  M i l e s  City radar a re  respons ib le  f o r  t h e  l a r g e  d i f -  
f e rence  between t h e  number o f  images analyzed u s i n g  rada r  and 
s a t e l l i t e  data. 
i n f r a r e d  and v i s i b l e  data. F o r  t h e  2, 11, and 13 J u l y  c l u s t e r s ,  
o n l y  i n f r a r e d  da ta  were ava i l ab le .  
These s to rm events occur red  











































































































































































































































































































































































































































































































































































































































































































































3. ANALYSIS OF THE DATA 







Using  t h e  techn ique descr ibed i n  Sec t ion  2, s a t e l l i t e  d i g i t a l  
counts above de f i ned  th resho lds  w i t h i n  t h e  s a t e l l i t e  s e c t o r  o f  
i n t e r e s t  were counted and converted t o  area. Table 2 shows an 
example o f  d i g i t a l  counts versus area m u l t i p l i e d  w i t h  t h e  centered  
t i m e  i n t e r v a l  between observat ions f o r  c l u s t e r  C11 .  The columns show 
t h e  d i f f e r e n t  t i m e  steps, wh i l e  t h e  rows a r e  t h e  product o f  area and 
t i m e  i n t e r v a l  f o r  a g iven IR d i g i t a l  count, column 1 ( o r  temperature, 
column 10). 
each th resho ld .  Such t a b l e s  were worked ou t  f o r  t h e  18 c l u s t e r s  o r  
c e l l  s analyzed. 
Column 9 represents t h e  ATI 's  ( t h e  sum o f  a row) f o r  
Histograms o f  area ( m u l t i p l i e d  by t h e  centered  t ime  i n t e r v a l )  
versus d i g i t a l  count were produced f o r  each s a t e l l i t e  t i m e  step. 
t h e  l i f e t i m e  o f  t h e  storm, histograms were prepared o f  s a t e l l i t e  AT1 
versus IR d i g i t a l  count (see Fig. 7A-S) .  These histograms and t h e  
computed radar  area ( m u l t i p l i e d  by t h e  centered  radar t i m e  i n t e r v a l )  
were used t o  determine th resho lds  f o r  s a t e l l i t e  data t h a t  matched t h e  
r a d a r  area m u l t i p l i e d  by time. 
areas m u l t i p l i e d  by t i m e  f o r  s a t e l l i t e  t o  be equal t o  t h a t  o f  radar. 
Both  s a t e l l i t e  and radar  t ime s e r i e s  were reduced t o  a cons tan t  
15-min t i m e  increment by l i n e a r  i n t e r p o l a t i o n  such t h a t  f u n c t i o n a l  
t i m e  dependence i s  comparable. 
t i m e ) ,  as w e l l  as t h e  corresponding t h r e s h o l d  count values, e x h i b i t  
a l a r g e  spectrum o f  v a r i a t i o n s  d u r i n g  t h e  s to rm's  l i f e t i m e .  No 
r e l a t i o n s h i p  was found between these  v a r i a t i o n s  and t h e  stages o f  
t h e  storm's l i f e t i m e .  
For 
T h i s  was performed by f o r c i n g  t h e  
The echo areas >25 dBz ( m u l t i p l i e d  by 
The t rends  o f  t h e  echo areas (A) and o f  t h e  temperature t h r e s h o l d  
(TM) chosen t o  match t h e  radar area are  d i sp layed  i n  Figs.  4A-S f o r  
t h e  18 c e l l s ,  r e s p e c t i v e l y .  For most o f  t h e  l o n g  l a s t i n g  c e l l s ,  a 
v i s u a l  i n s p e c t i o n  o f  these graphs emphasizes a general s i m i l a r i t y  o f  
e v o l u t i o n  and a tendency f o r  s a t e l l i t e  p roduc ts  t o  l a g  t h a t  o f  radar  
(F ig .  4A,B,E,G, and P). 
t i n u o u s  h i g h  va lue  o f  TM du r ing  t h e  l a t t e r  h a l f  of t h e  c l u s t e r s '  
1 i f e t i m e .  A two-cycle o s c i l l a t i o n  emphasizing t h e  m u l t i c e l l  cha rac te r  
o f  t h e  c l u s t e r s  i s  demonstrated, except f o r  C e l l s  E, C2, C3, C4, C6, 
and C 1 1 .  The e f f e c t  o f  c i r r u s  sp i ssa tus  d e b r i s  i s  ev ident  i n  f i v e  o f  
t h e  c e l l s ,  1 A  (F ig .  4A), 1B (Fig. 46), X2 (F ig .  4E), C4 (Fig.  4J),  and 
C10 (F ig .  40). The c i r r u s  debr is obscures t h e  d e f i n i t i o n  o f  t h e  end 
and, sometimes, t h e  beg inn ing  o f  a c l u s t e r  (as a convec t ive  e n t i t y )  
f rom t h e  s a t e l l i t e  images. The e f f e c t  o f  c i r r u s  deb r i s  f rom a pre- 
v ious  growing p e r i o d  i s  present i n  t h e  s a t e l l i t e  data t r e n d  (Fig.  4A), 
p r i m a r i l y  because t h e  i n i t i a l  stage o f  t h e  c l u s t e r  was o v e r l a i d  by 
d e b r i s  f rom t h e  prev ious  a c t i v i t y .  Again, remnants o f  p rev ious  
a c t i v i t y  p rec lude i n i t i a l  observat ions i n  Fig.  4D ( c l u s t e r  X l ) ,  
F ig .  45 ( C e l l  C4), Fig.  4L (Ce l l  C6), Fig.  40 ( C e l l  ClO), and 
F ig .  4s ( C e l l  D2) .  
This can be seen by n o t i n g  t h e  near con- 
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a i .  9s 
iaa.13 
l a 9  . i s  
aoo . .n 
150.92 
274.42 






































































































vs. area mu l t i p l i ed  w i th  time in te rva ls  between observations 
(km2 hr) .  
mu l t ip l ied  by the time in te rva l  f o r  the  c lus te r  duration (ATI's 
corresponding t o  di f ferent d i g i t a l  count thresholds). The l a s t  
column represents the temperature corresponding t o  the  given 
d i g i t a l  count ( f i r s t  column). 
S a t e l l i t e  d i g i t a l  counts above defined thresholds (ex. 111) 
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Fig.  4: Trends o f  rada r  
r a d a r e c h o  area (TM) f o r  
l a [ D '  ' ' ' ' ' CELL ' t X i  ' 02 ' JULV ' 1981 ' I n 3  
on 1Dt u 0.01 a 
echo area ( A )  and i n f r a r e d  temperature matching 
t h e  18 analyzed c l u s t e r s .  
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Figure  5A-S d i s p l a y s  t h e  maximum radar  r e f l e c t i v i t y  ( Z ) ,  t h e  
temperature o f  i n f r a r e d  maximum count (TMx), and t h e  maximum echo 
h e i g h t  ( H )  f o r  r e f l e c t i v i t y  values >20 dBz on an i n t e r p o l a t e d  step-by- 
s t e p  basis f o r  a l l  s i x  c e l l s .  Again, as i n  Fig.  4, t h e  s i m i l a r i t y  o f  
c l u s t e r  e v o l u t i o n  and t h e  t ime l a g  between rada r  and s a t e l l i t e  a re  
ev iden t .  
A 30-min l a g  between bo th  t h e  radar  maximum echo he igh t ,  t h e  
maximum r e f l e c t i v i t y ,  and t h e  s a t e l l i t e  minimum temperature i s  ev iden t  
i n  some o f  t h e  c e l l s  ( lA ,  l B ,  E). The e f f e c t  o f  c i r r u s  d e b r i s  i s  
v i s i b l e  i n  Fig. 5B ( C e l l  l e ) ,  b u t  no t  i n  Fig.  5E ( C e l l  X Z ) ,  as no ted  
i n  Fig.  4E; t h e  cause might  be t h a t  TM ( i n  Fig.  4)  i s  a temperature 
th resho ld  matching t h e  radar  A T I ,  w h i l e  TMX ( i n  Fig.  5)  i s  t h e  tem- 
pe ra tu re  o f  t h e  I R  maximum count f o r  t h e  whole c e l l  dura t ion .  
c i r r u s  debr is  e f f e c t  i s  a l s o  v i s i b l e  i n  Fig.  5J and 0. 
The 
As mentioned e a r l i e r ,  f o u r  c o n v e c t i v e l y  a c t i v e  days were under 
cons idera t ion :  June 12, J u l y  2, J u l y  11, and J u l y  13. Consecutive 
t i m e  steps w i t h  bo th  radar  r e t u r n s  and s a t e l l i t e  v i s i b l e  and I R  images 
were cons t ruc ted  f o r  t h e  f o u r  mentioned days. A t o t a l  o f  67 images i n  
I R ,  13 images i n  v i s i b l e ,  and 67 r a d a r  P P I  f i g u r e s  were produced. The 
s a t e l l i t e  s e c t o r  o f  i n t e r e s t  ad jus ted  t o  avo id  c loud  f e a t u r e s  sus- 
pec ted  o f  no t  be ing  de tec ted  by t h e  radar  i s  contoured i n  t h e  i n f r a r e d  
images (black cont inuous l i n e ) .  The i n f r a r e d  contours  represent 4°C 
temperature steps, w i t h  t h e  f i r s t  con tour  rep resen t ing  a g iven f i x e d  
temperature. No wind adjustment was a p p l i e d  t o  t h e  s a t e l l i t e  images. 
T h i r t e e n  consecut ive  t i m e  steps w i t h  bo th  rada r  r e t u r n s  and 
s a t e l l i t e  v i s i b l e  and i n f r a r e d  images f o r  t h e  12 June c l u s t e r s  a re  
d isp layed i n  Fig.  6A (Doneaud -- e t  al., 1 9 8 4 ~ ) .  
chosen t o  be as c l o s e  t o  t h e  radar  t imes  as poss ib le .  The t imes a r e  
marked i n  t h e  f i g u r e .  The event l a s t e d  t h r e e  hours. The t h r e e  
c l u s t e r s  ( lA ,  l B ,  and 1E) under c o n s i d e r a t i o n  a re  i n d i v i d u a l i z e d  i n  
t h e  radar P P I  images (dashed l i n e s ) .  I n  f a c t ,  C e l l  E represents a 
p a r t  o f  c l u s t e r  1 A  which developed independent ly.  The growth and 
decay per iods o f  t h e  c l u s t e r s  a re  ev iden t  i n  a l l  t h r e e  sequences o f  
images. There a re  d i f f e r e n c e s  between radar,  v i s i b l e ,  and i n f r a r e d  
fea tu res  which a re  exp l i cab le .  It appears t h a t  t h e  v i s i b l e  c loud  
image i s  c l o s e r  than  t h e  I R  image t o  t h e  radar  r e t u r n  fea tu res ,  as 
evidenced i n  Fig. 6A a t  1732 GMT. Two l i n e s  o f  radar  echoes o r i e n t e d  
southwest t o  no r theas t  a re  apparent i n  t h e  radar  P P I .  These l i n e s  
a r e  d i s c e r n i b l e  i n  t h e  v i s i b l e  image b u t  no t  i n  t h e  i n f r a r e d  image. 
S i m i l a r  s i t u a t i o n s  cou ld  be mentioned a t  1738 GMT (1746 GMT rada r  
t i m e )  and a t  1759 GMT (1801 GMT radar  t ime) .  The c i r r u s  sp i ssa tus  
were excluded from t h e  computation a t  1759 GMT, as they  appear t o  be 
detached h o r i z o n t a l l y  f rom t h e  radar  echo c l u s t e r .  The embedded con- 
v e c t i v e  clouds are  no l onger  v i s i b l e  i n  t h e  radar  P P I  a t  1759 GMT; 
t h e  d e f i n i t i o n  of t h e  area o f  i n t e r e s t  f o r  t h e  c l u s t e r  1 A  was s h i f t e d  
southward t o  a d r a m a t i c a l l y  sma l le r  area between 1738 and 1759 GMT. 
Th is  demonstrates how radar  da ta  were used t o  a d j u s t  t h e  s a t e l l i t e  
s e c t o r  of i n t e r e s t  t o  exclude non-preci p i  t a t i  ng c louds  ( i  .e., c i  r r u s  
d e b r i s ) .  
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F ig .  5: 
and temperature of i n f r a r e d  maximum count (TMx) f o r  t h e  18 analyzed 
c 1 u s t  ers  . 





Fig. 5: (continued) 
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A v i sua l  i n s p e c t i o n  of t h e  images (F ig .  6A) emphasizes t h e  m u l t i -  
c e l l u l a r  s t r u c t u r e  o f  t h e  c l u s t e r .  Four c e l l s  a re  v i s i b l e  i n  t h e  
f i r s t  radar and i n f r a r e d  images (1657 GMT and 1702 GMT, r e s p e c t i v e l y . )  
The n o r t h e r l y  l oca ted  c e l l s  emerged and decreased i n  b r i gh tness  and 
rada r  r e f l e c t i v i t i e s ,  van ish ing  a f t e r  1827 GMT. Only c i r r u s  d e b r i s  i s  
s t i l l  v i s i b l e  i n  t h e  I R  images a long t h e  no r the rn  border  o f  t h e  P P I  
a f t e r  1827 GMT. Concomitant ly,  t h e  s o u t h e r l y  l o c a t e d  c e l l  (E) was 
behaving independent ly.  It grew u n t i l  1841 GMT as a convec t i ve  event, 
t h e n  decayed and disappeared a f t e r  1929 GMT; a t  t h a t  t ime, c i r r u s  
d e b r i s  was s t i l l  v i s i b l e  i n  t h e  s a t e l l i t e  image, b u t  was ou t  o f  t h e  
r a d a r  e f f e c t i v e  range t o  t h e  nor theas t .  C e l l  1B grew u n t i l  1815 GMT, 
t h e n  decayed and vanished by 1955 GMT. So, as i n f e r r e d  by t h e  image 
sequences, t h e  c l u s t e r  1 A  inc reased and decreased t w i c e  be fo re  
vanishing, w h i l e  t h e  c l u s t e r  1B pu lsed o n l y  once. These m u l t i c e l l u l a r  
c l u s t e r s  do no t  a l t e r  t h e  radar  AT1 product,  as t h e  AT1 i s  t h e  echo 
area  i n t e g r a t e d  over t h e  d u r a t i o n  o f  t h e  c e l l .  
The step-by-step radar  r e f l e c t i v i t i e s  f o r  >25 dBz e x h i b i t e d  by 
contours  w i t h  a 10-dBz i n t e r v a l  f o r  t h e  2 J u l y  1981 c l u s t e r s  and 
corresponding s a t e l l i t e  I R  f ea tu res  a r e  presented i n  Fig.  6B. The 
r a d a r  sectors used t o  d e l i n e a t e  t h e  echo c l u s t e r s  a re  d i sp layed  on 
each radar P P I  image; t h e  s a t e l l i t e  s u b j e c t i v e  sec to rs  a re  d i sp layed  
on t h e  s a t e l l i t e  images. 
s teps  as i n  Fig.  6A. The m u l t i c e l l u l a r  s t r u c t u r e  o f  C l u s t e r  X 1  i s  
ev iden t .  C l u s t e r  X2 s t a r t s  as a s i n g l e  c e l l  and develops i n t o  a 
m u l t i c e l l u l a r  s t r u c t u r e  as i t  matures. I n  t h e  s a t e l l i t e  images as 
w e l l  as i n  t h e  radar  P P I ,  C e l l  X 1  grows u n t i l  0128 GMT ( two con- 
s e c u t i v e  t ime  s teps) ;  i t  s low ly  decays u n t i l  0241 GMT, and more 
r a p i d l y  u n t i l  t h e  end a t  0503 GMT. C e l l  A i s  a p a r t  o f  C l u s t e r  X 1 ,  
which grew u n t i l  0241 GMT, t hen  s low ly  decayed d u r i n g  t h e  nex t  two 
consecut ive t i m e  steps. The e v o l u t i o n  o f  C e l l  X2 as f o l l o w e d  by 
rada r  data suggests t h a t  i t s  development ( i n  t h e  o u t f l o w  r e g i o n  o f  
a previous c l u s t e r )  i s  w e l l  extended h o r i z o n t a l l y  and v e r t i c a l l y ,  
and i s  p a r t  o f  a southwest-northeast o r i e n t e d  echo l i ne  w i t h  a 
c e l l u l a r  s t r u c t u r e .  The maximum v e r t i c a l  ex tens ion  o f  a l l  
c l u s t e r s  occurs d u r i n g  t h e  f i r s t  h a l f  o f  t h e i r  l i f e t i m e .  
The I R  con tours  represent  4°C temperature 
Twenty-four consecut ive  t i m e  steps w i t h  bo th  radar  r e t u r n s  and 
s a t e l l i t e  i n f r a r e d  images (ove r  a p e r i o d  of =8 hours)  f o r  t h e  
11 J u l y  1981 c l u s t e r s  a re  d i sp layed  i n  F ig .  6C. 
i n  t h e  f i gu re .  
dent  i n  both sequences o f  images. There a r e  d i f fe rences  between rada r  
and i n f r a r e d  f e a t u r e s  which a re  e x p l i c a b l e ;  however, t h e  main c l u s t e r s  
a r e  present on bo th  sequences o f  images. 
f rom t h e  numerous c l u s t e r s  developed over  t h e  radar  P P I ;  l i n e s  o f  
c e l l s  (C9), c e l l s  ( C l l ) ,  c l u s t e r s  (ClO), and s u p e r c e l l  ( C l )  were con- 
s i d e r e d  i n  t h e  ana lys is .  
t h e  mesoscale convec t ive  complex (Fankhauser -- e t  al., 1983; Doneaud 
-- e t  al., 1981b). The 
c l u s t e r s  were recorded f i r s t  on t h e  southwest corner  of t h e  radar  P P I  
and then moved nor theas t ,  w i t h  t h e i r  maximum stage o f  development 
c l o s e r  t o  t h e  radar  l o c a t i o n ;  a f te rwards ,  t hey  vanished on t h e  
The t imes  a re  marked 
The growth and decay pe r iods  of t h e  c l u s t e r s  a re  e v i -  
Ten c l u s t e r s  were s e l e c t e d  
Moving east,  t h e  C 1  s u p e r c e l l  merged i n t o  











3 5 :  
Continuous contours on i n f r a r e d  images represent the s a t e l l i t e  sectors of i n t e r e s t ,  wh i le  the dashed contours on radar PPI represent the  radar  
sector of i n t e r e s t .  
Sequences of GOES Rapid Scan S a t e l l i t e  P ic tures  !!H and Y!S)  and radar r e f l e c t i v i t y  pa t te rns  for the i2 June. 2. i i ,  and i 3  July LluSLel -S .  
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FIGURE 6 (continued) 
J 











nor theas t  corner  o f  t h e  P P I .  The superce l l  C 1  was f i r s t  recorded 
south  of t h e  radar  l o c a t i o n ,  and then developed d ramat i ca l l y ,  moving 
east .  La ter ,  C e l l  C 5  merged wi th superce l l  C 1  ( s a t e l l i t e  p i c t u r e s ,  
04301) and became a mesoscale convec t ive  complex. F i n a l  l y ,  C e l l  C 7  
a l s o  merged ( a f t e r  OSOOZ) w i t h  t h e  mesoscale convec t ive  complex. 
10 c l u s t e r s  se lec ted  a r e  c l e a r l y  v i s i b l e  i n  bo th  P P I  and I R  images. 
The 
The step-by-step radar  r e f l e c t i v i t i e s  f o r  >25 dBz e x h i b i t e d  by 
contours  w i t h  a 10-dBz i n t e r v a l  f o r  t h e  13 J u l y  1981 c l u s t e r s  and 
corresponding s a t e l l i t e  I R  fea tures  a re  presented i n  Fig.  6D. As i n  
F ig .  (GA,B,C), t h e  radar  sectors  used t o  d e l i n e a t e  t h e  echo c l u s t e r s  
a r e  d isp layed on each radar  P P I  image, w h i l e  t h e  s a t e l l i t e  s u b j e c t i v e  
sec to rs  are d i sp layed  on t h e  s a t e l l i t e  images. Two c l u s t e r s  were 
se lec ted ,  D 1  and D2, and d isp layed on 15  images, over a p e r i o d  o f  
=5 hours. D 1  was f i r s t  recorded on t h e  west border  o f  t h e  radar  
(150 km) range, and D2, south o f  D1. Both c e l l s  became l i n e s  o f  
c e l l s  and moved eastward, having s i m i l a r  speed. 
a t  02312 and vanished a t  03492. 
eastward u n t i l  04482, t h e  l a s t  radar  reco rd ing  t ime. 
D2 s t a r t e d  t o  decay 
D l  con t inued t o  grow and t o  move 
3.2 C l u s t e r  L i f e t i m e  Analys is  
A summary o f  radar  and s a t e l l i t e  products  f o r  t he  18 analyzed 
c l u s t e r s  i s  presented i n  Table 3A-B. 
Columns (2 )  t o  ( 5 )  represent radar  products,  columns (7 )  t o  (11) 
represent  independent s a t e l l i t e  products,  w h i l e  columns (12-14) 
represent  sate1 1 i t e  products  obta ined as a combi ned radar  versus 
s a t e l l i t e  ana lys is .  The d i g i t a l  count t h resho lds  matching radar  ATI 's  
and t h e  respec t i ve  minimum temperatures, as w e l l  as t h e  s a t e l l i t e  AT1 
(columns 12-14), were computed f o r  t h e  s torm l i f e t i m e  u s i n g  h i s t o -  
grams. The histograms are  presented f o r  t h e  18 c l u s t e r s  considered 
i n  Fig.  7A-S. The dashed-dotted l i n e  represents  t h e  s a t e l l i t e  de te r -  
mined AT1 (on a step-by-step bas is )  and i t s  respec t i ve  d i g i t a l  count. 
These histograms were computed us ing  c loud  areas m u l t i p l i e d  by t h e  
t i m e  and summed over  t h e  du ra t i on  of t h e  s torm (ATI)  f o r  t h e  abscissa; 
t h e  o r d i n a t e  i s  t h e  maximum d i g i t a l  count over t h e  s torm's  l i f e t i m e .  
These histograms d i f f e r  f rom those presented i n  Sec. 3.1 n o t  summed 
ove r  t h e  c e l l  dura t ion .  
A v i s u a l  i n s p e c t i o n  o f  both radar  and s a t e l l i t e  products  ( i n  
Table 3A) emphasizes v a r i a b l e  geometr ies (phys i ca l  appearance) o f  t h e  
18 considered c l u s t e r s .  For  instance, as viewed by s a t e l l i t e ,  t h e  
2 J u l y  c l u s t e r s  a re  h ighe r  ( X l ,  X2, A) than  t h e  12 June c l u s t e r s .  
s a t e l l i t e  products  (columns 7-13) a re  always g rea te r  f o r  2 J u l y  than 
12 June. 
f o r  2 Ju ly .  The c l u s t e r  w i t h  t h e  l a r g e s t  MEH (X2, MEH = 14.4 km) d i d  
n o t  generate t h e  g rea tes t  amount o f  ra in .  
The 
The MEH (column 3 )  average i s  on l y  s l i g h t l y  h ighe r  (0.96 km) 
The 18 c l u s t e r s  (Table 3A-B) e x h i b i t  a l a r g e  spectrum o f  AT1 
va lues  ranging from 7.3 km2 h r  f o r  c l u s t e r  C6 t o  7, 247.1 km2 h r  
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AT1 s-for t h e  18 c e l l s ;  t h e  radar  AT1 and t h e  correspondent d i g i t a l  
count are a l s o  i nd i ca ted .  
Histograms of V I S  ( A )  and I R  ( B )  d i g i t a l  counts vs .  s a t e l l i t e  
. . , . . , . . , . . , . .  
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38,445.6 km* mm (Dl); a l a r g e  d i v e r s i t y  i n  c l u s t e r  s i z e  i s  demonstrated 
by t h i s  da ta  se t .  The absolute temperature o f  t h e  I R  maximum count 
averaged over t h e  c e l l  l i f e t i m e  i s  always sma l le r  than t h e  abso lu te  
va lue  of t h e  minimum temperature ( t h e  maximum d i g i t a l  count )  f o r  t h e  
c l u s t e r  l i f e t i m e  (Table 3A-B). 
The main purpose o f  t h i s  i n v e s t i g a t i o n  i s  t o  compute convec t i ve  
r a i n  volume over a moving ta rge ted  area by a p p l i c a t i o n  o f  t h e  AT1 
techn ique based o n l y  on s a t e l l i t e  data. As such, t h e  key element i s  
t o  determine AT1 f rom independent s a t e l l i t e  da ta  w i t h o u t  t h e  add i -  
t i o n a l  c o n s t r a i n t  o f  radar  data. T h i s  i s  p o s s i b l e  i f  t rends  o f  
s a t e l l i t e  products (Tab le  3A-6, columns 7, 8, 9, and 10) generated 
independent ly  a re  s i m i l a r  t o  those o f  s a t e l l i t e  p roduc ts  based upon 
rada r  observa t ions  as done here. An independent s a t e l l i t e  q u a n t i t y  
which def ines t h e  most app rop r ia te  d i g i t a l  count t h a t  matches t h e  
r a d a r  AT1 f o r  a g i ven  c l u s t e r  would be a s o l u t i o n .  For ins tance,  
reg ress ion  curves c o r r e l a t i n g  s a t e l l i t e  d i g i t a l  count t h resho lds  t o  
s a t e l l i t e  I R  maximum count values (Fig.  8), o r  t o  s a t e l l i t e  I R  maximum 
count values averaged over the d u r a t i o n  o f  t h e  c e l l  (Fig. 9 ) ,  had t o  
be i d e n t i f i e d .  The mentioned q u a n t i t y  ( t h e  s a t e l l i t e  I R  maximum count 
averaged over  t h e  c l u s t e r  du ra t i on )  could a l s ~  be r e l a t e d  t o  weather 
c o n d i t i o n s  if t h e  v e r t i c a l  s t r u c t u r e  o f  t h e  a i r  mass i s  taken i n t o  
c o n s i d e r a t i o n  (Doneaud - e t  2’ a1 1987). 
F o r  t h e  18 c l u s t e r s  considered i n  t h i s  i n v e s t i g a t i o n ,  t h e  l i n e a r  
reg ress ion  r e l a t i n g  t h e  I R  maximum count values averaged over t h e  
d u r a t i o n  o f  t h e  c l u s t e r  t o  the  I R  temperature, which matches t h e  
rada r  AT1 (Fig.  9), generated a h i g h  c o r r e l a t i o n  c o e f f i c i e n t  o f  
-93 ,  a standard e r r o r  of est imate o f  13.3, and a range o f  t h e  I R  
temperature matching t h e  radar AT1 o f  -33% t o  +67%. 
A regress ion  a n a l y s i s  w i t h  an acceptab le  c o r r e l a t i o n  c o e f f i c i e n t  
g i v e s  more accura te  es t imates  o f  d e l i n e a t e d  r a i n  areas than a s i n g l e  
o r  m u l t i p l e  th resho lds .  The next s tep  i s  t o  conver t  t h e  I R  tem- 
p e r a t u r e  matching t h e  rada r  AT1 (Fig.  9 )  t o  d i g i t a l  counts; t h e  
d i g i t a l  counts a re  r e l a t e d  t o  s a t e l l i t e  AT1 by a h is togram f o r  t h a t  
p a r t i c u l a r  c l u s t e r ,  as presented i n  Fig.  7A-S f o r  t h e  18 c l u s t e r s  
analyzed. The t o t a l  r a i n  volume i s  f i n a l l y  ob ta ined by app ly ing  an 
AT1 versus r a i n  volume r e l a t i o n s h i p  (see Fig.  10) determined f o r  t h a t  
p a r t i c u l a r  r e g i o n  u s i n g  radar da ta  (Doneaud -- e t  al., 1984a). I n  o t h e r  
words, r a i n  volume f rom s a t e l l i t e  da ta  i s  ob ta ined by u s i n g  two 
reg ress ion  l i n e s :  one determines t h e  r a i n y  p o r t i o n  o f  t h e  c loud  area 
(Fig.  9 and t h e  histogram),  and t h e  second (Fig. l o ) ,  t h e  r a i n  volume 
f rom t h e  ATI. 
A s i m i l a r  c o r r e l a t i o n  ana lys i s  has been worked o u t  by u s i n g  a 
l i n e a r  regress ion  r e l a t i n g  the  minimum I R  temperature ( i ns tead  o f  
t h e  minimum I R  temperature averaged over  t h e  c l u s t e r  l i f e t i m e )  t o  
t h e  minimum temperature matching t h e  ATI. 
as noted i n  Fig.  8 i s  l e s s  s a t i s f a c t o r y .  
The s c a t t e r  o f  t h e  da ta  
-31- 
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AT1 and I R  minimum temperature. 
S c a t t e r  and l i n e a r  regress ion  o f  temperatures matching rada r  
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F ig .  10: S c a t t e r  and l i n e a r  regression o f  t o t a l  r a i n  volume vs. ATI .  -
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The AT1 techn ique generates on ly  t o t a l  r a i n  volume es t imates  o f  
convec t ive  c loud  systems. 
o f  t h e  AT1 technique. 
Rain r a t e s  must be ob ta ined independent ly 
The AT1 techn ique and t h e  procedures f o l l o w e d  t o  apply t h e  
technique t o  s a t e l l i t e  da ta  a re  o r i g i n a l .  However, a p a r a l l e l  w i t h  
t h e  two-step techn ique genera l l y  can be used t o  compute r a i n  volume 
from s a t e l l i t e  data. One s tep  r e l a t e s  c loud area w i t h  echo- ra in  area 
and t h e  second d e r i v e s  r a i n  volume from t h e  d e l i n e a t e d  r a i n  area. 
G r i f f i t h  e t  a l .  (1976, 1978, 1981), Woodley e t  a l .  (1980), August ine 
-- e t  a l . ( 1 9 8 1 T a n d  o thers ,  determined b r i g h t E s f l V I S )  and minimum 
temperature ( IR )  th resho lds ;  w h i l e  Lovejoy and A u s t i n  (1979), Tsonis 
and Isaac (1985), Rongzhang -- e t  a l . (1985), and o thers ,  worked ou t  
s t a t i s t i c a l  two-di mens i onal p a t t e r n  recogni  t i  on tech  n i  ques t o  
d e l i n e a t e  t h e  r a i n y  p a r t  of t h e  clouds. Segments o f  c loud  h i s t o r i e s  
were used t o  appor t i on  t h e  t o t a l  r a i n  volume; and i s o h y e t a l  maps o f  
r a i n f a l l  were generated. Rain area and r a i n  volume l i n e a r  r e l a t i o n -  
s h i p s  were g e n e r a l l y  used t o  d e r i v e  r a i n  volumes from t h e  d e l i n e a t e d  
areas. The c o e f f i c i e n t  r e l a t i n g  area t o  volume i s  an average r a i n  
r a t e  and was considered dependent t o  t h e  echo growth t rend.  
To d e l i n e a t e  t h e  r a i n y  p a r t  o f  a cloud, as mentioned e a r l i e r ,  we 
propose t o  use a reg ress ion  ana lys i s .  The reg ress ion  r e l a t e s  a 
s a t e l l i t e  independent p roduc t  t o  a s a t e l l i t e  p roduc t  dependent on 
radar. The minimum temperature o f  t h e  maximum I R  d i g i t a l  count 
averaged over t h e  d u r a t i o n  o f  t h e  storm and t h e  AT1 were r e s p e c t i v e l y  
considered i n  t h i s  i n v e s t i g a t i o n .  For a g iven storm, t h e  independent 
s a t e l l i t e  p roduc t  i s  f i r s t  computed; t h e n  t h e  reg ress ion  a n a l y s i s  
g i ves  the  d e l i n e a t e d  r a i n  area. F i n a l l y ,  t h e  r a i n  volume i s  ob ta ined 
by us ing  t h e  d e l i n e a t e d  area and t h e  AT1 versus r a i n  volume r e l a t i o n -  
ships.  The key element which makes t h e  AT1 techn ique (when a p p l i e d  t o  
s a t e l l i t e  da ta )  s imp le  i s  t h a t  i t  operates on a storm d u r a t i o n  bas is ;  
v a r i a b l e s  used a r e  always i n t e g r a t e d  over t h e  s to rm l i f e t i m e .  
Previous techniques operated on a t ime-s tep  bas is .  By app ly ing  t h e  
A T I / r a i n  volume r e l a t i o n s h i p  t o  s a t e l l i t e  data, e r r o r s  generated by 
t h e  complicated m u l t i p l e  area-volume t r a n s f o r m a t i o n  r e l a t i o n s  are  
reduced. S i m i l a r  e r r o r s  were reduced when t h e  techn ique was a p p l i e d  
t o  radar  da ta  (Doneaud -- e t  a1 ., 1984a,b). 
t h e  du ra t i on  o f  t h e  c l u s t e r  and t h e  IR maximum count which matches t h e  
rada r  AT1 i s  a l s o  p o i n t e d  ou t  by t h e  f a c t  t h a t  d e s c r i p t i v e  models 
represent ing  t h e  s t r u c t u r e  o f  t h e  radar  r e f l e c t i v i t i e s  and t h e  minimum 
temperature of i n f r a r e d  d i g i t a l  counts as a f u n c t i o n  o f  su r face  area 
and t i m e  have a s i m i l a r  appearance above a g i ven  s a t e l l i t e  t h r e s h o l d  
(Fig.  11A-B) . Th i s  correspondence i s  emphasized by t h e  -5OOC and t h e  
35-dBz curves h i g h l i g h t e d  i n  Fig.  l l ( A - B ) .  These models were computed 
by normal iz ing  t h e  s i x  analyzed c l u s t e r  p roduc ts  and p resen t ing  them 
aga ins t  normalized t ime. For  warmer th resho lds ,  t h e  m u l t i c e l l  s t r u c -  
t u r e  of the c l u s t e r s  generates multimode d i g i t a l  count t rends  t h a t  
appear t o  be more ev iden t  i n  t h e  s a t e l l i t e  products.  For  i n d i v i d u a l  
cases, s i m i l a r  correspondence was found f o r  t h e  aforementioned 
thresholds.  
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As mentioned i n  t h e  prev ious  sec t ion ,  r a i n  volume from s a t e l l i t e  
da ta  i s  obtained by us ing  two regress ion  l i n e s  (and a h is togram),  one 
t o  determine t h e  r a i n y  p o r t i o n  of t h e  c loud  area and t h e  second t o  get 
t h e  r a i n  volume. 
t h e  matching AT1 t o  AT1 (km2 h r ) .  
The h is togram conver ts  t h e  minimum temperature o f  
The procedure was app l i ed  t o  t h e  18 cases repor ted  here in .  The 
r e s u l t s  a re  presented i n  Table 4, column (3) .  Rain volumes as de te r -  
mined by t h e  convers ion o f  t h e  radar  AT1 t o  r a i n  volume are  presented 
i n  column (2). Using these values f o r  comparison, a standard e r r o r  
was ca l cu la ted  by d i v i d i n g  t h e  d i f f e r e n c e  by column ( 2 ) ,  t r u e  value. 
The computed s tandard e r r o r  i s  0.74 w i t h  a s tandard d e v i a t i o n  o f  N.40 
which demonstrates a very reasonable es t imat ion .  The " radar  A T I "  
computed r a i n  volume was considered as t h e  t r u e  se t  o f  est imates 
(column 2 ) .  
The comparison f o r  c l u s t e r  1 A  shows a l a r g e  d i f f e r e n c e  i n  r a i n  
volumes by t h e  two methods. F u r t h e r  ana lys i s  revealed t h a t ,  i n  t h i s  
case, the  s a t e l l i t e  sec tors  o f  i n t e r e s t  were g r e a t l y  l i m i t e d  i n  an 
a t tempt  t o  min imize t h e  i n f l u e n c e  o f  c i r r u s  deb r i s .  
i n d i c a t e  t h a t  a p o r t i o n  o f  t h e  r a i n i n g  c loud  was e l i m i n a t e d  w i t h  t h e  
c i r r u s  debr is.  The method shows promise and i n d i c a t e s  t h a t  g rea te r  
care  i n  s t o r m  d e f i n i t i o n  w i l l  be necessary. 
The r e s u l t s  would 
To s i m p l i f y  t h e  procedure, a regress ion  between s a t e l l i t e  AT1 and 
F igu re  12 presents  
The s i m p l i f i c a t i o n  r e s u l t s  by e l i m i n a t i n g  t h e  h is togram from 
average IR m i  nimum temperature was es tab l i shed.  
t h e  regress ion f o r  a l l  18 cases w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  o f  
0.77. 
t h e  procedure. Even though l a r g e r  s c a t t e r  i s  obvious ( i n  comparison 
w i t h  F ig .  9), such a r e l a t i o n s h i p  i m p l i e s  t h a t  t h e  average minimum 
temperature as ob ta ined from i n f r a r e d  imagery can determine t h e  r a i n y  
p o r t i o n  o f  t h e  c loud  f o r  which a s a t e l l i t e  AT1 i s  associated, on an 
average. The e l i m i n a t i o n  o f  c e l l  1 A  increases t h e  c o r r e l a t i o n  
c o e f f i c i e n t  t o  -79. Conversion o f  t h e  ATI 's  t o  r a i n  volumes, as 
done prev ious ly ,  remains. Resu l ts  f rom t h e  a p p l i c a t i o n  o f  t h i s  pro- 
cedure t o  t h e  18 t e s t  cases a re  t a b u l a t e d  i n  column 4 o f  Table 4; and, 
when compared t o  column 2 ( rada r  AT1 r a i n  volume, considered t h e  t r u e  
est imates) ,  an average s tandard e r r o r ,  1.67, i s  found. 
As a by-product o f  t h e  radar  ana lys i s ,  r a i n  volumes were a l s o  
determined by t h e  Z-R opt im ized r e l a t i o n s h i p  (Smith -- e t  al . ,  1975) and 
a r e  given i n  column 5 of Table 4. 
produc ts  of t h e  o the r  t h r e e  methods, except f o r  C e l l  1A.  That con- 
f i rms  our hypothes is  t h a t  t h e  e a r l y  e l i m i n a t i o n  of c i r r u s  d e b r i s  from 
t h e  c a l c u l a t i o n  s u b s t a n t i a l l y  reduced t h e  r a i n  volume est imates;  i n  
Table 4, columns 2 and 5, on ly  radar  data were considered, w h i l e  i n  
columns 3 and 4, s a t e l l i t e  data were t h e  bas i s  o f  t h e  c a l c u l a t i o n s .  
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d u r a t z n )  of IK minimum temperatures as determined by s a t e l  1 i t e  imagery. 
Sca t te r  and l i n e a r  regress ion  o f  AT1 and average (over  t h e  c e l l  





T h i s  a n a l y s i s  of 18 convect ive c l u s t e r s  demonstrates t h a t  t h e  
ex tens ion  of t h e  AT1 technique t o  t h e  use o f  s a t e l l i t e  da ta  i s  
poss ib le .  The d i f f e r e n c e s  o f  t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  rada r  
r e f l e c t i v i t y  fea tures  ( taken  c lose  t o  t h e  c loud  base), and o f  t h e  
s a t e l l i t e  fea tures  ( taken  near t h e  t o p  o f  t h e  c loud ) ,  g i v e  r i s e  t o  
d i f f e r e n c e s  i n  e s t i m a t i n g  r a i n  volumes by d e l i n e a t i n g  area; however, 
by focus ing  upon t h e  area i n t e g r a t e d  over  t h e  l i f e t i m e  o f  t h e  storm, 
t h e  i n v e s t i g a t i o n  suggests t h a t  some o f  t h e  e r r o r s  produced by t h e  
d i f f e rences  i n  t h e  c loud  geometries as viewed by radar  o r  s a t e l l i t e  
a r e  minimized. 
The r e s u l t s  a re  good and f u t u r e  developments should cons ider  da ta  
f rom d i f f e r e n t  c l i m a t i c  regions and should a l l o w  f o r  implementat ion 
o f  t h e  techn ique i n  a general c i r c u l a t i o n  model. Re t r i eved  su r face  
f i e l d s  o f  temperatures (over  the  Northern Hemisphere, f o r  i ns tance )  
m igh t  be considered t o  a d j u s t  t h e  1 i near regress ion  descr ibed i n 
F ig .  9. 
Models d e s c r i b i n g  t h e  s t r u c t u r e  o f  radar  r e f l e c t i v i t i e s  and 
minimum temperatures of i n f r a r e d  d i g i t a l  counts as a f u n c t i o n  o f  
s u r f a c e  area and t i m e  a r e  s i m i l a r  above g i ven  s a t e l l i t e  and radar  
th resho lds .  
It i s  o f  c r u c i a l  importance i n  t h i s  t y p e  o f  a n a l y s i s  t o  determine 
a c c u r a t e l y  t h e  s t a r t  and t h e  end t imes o f  t h e  convec t i ve  events. The 
s t a r t i n g  t i m e  can e a s i l y  be determined when t h e  f i r s t  c l u s t e r ’ s  echo 
i s  v i s i b l e  i n  t h e  radar  data. Yet, t h e  c i r r u s  d e b r i s  makes t h e  d e f i -  
n i t i o n  of t h e  decay p o r t i o n  or t h e  end o f  t h e  c l u s t e r  as a convec t ive  
e n t i t y  f rom t h e  s a t e l l i t e  images d i f f i c u l t .  Th i s  inconvenience can be 
overcome i f  t h e  maximum development o f  t h e  c l u s t e r  i s  taken as t h e  
end ing  t ime  o f  t h e  ana lys is .  The AT1 techn ique a l s o  works i f  on ly  t h e  
growing  p a r t  o f  t h e  c l u s t e r  l i f e t i m e  i s  considered (Doneaud - e t  2’ a1 
1984b). The maximum development o f  t h e  c l u s t e r  can be de f i ned  u s i n g  
r a d a r  da ta  as t h e  maximum echo he igh t ,  t h e  maximum r e f l e c t i v i t y ,  o r  
t h e  maximum echo area >25 dBz. S a t e l l i t e  da ta  d e f i n i t i o n  o f  maximum 
development cou ld  be based on t h e  maximum count va lue  ( i  .e., t h e  
minimum temperature).  
t e s t  such a procedure. 
between s a t e l l i t e  and radar  products as g rea t  as 30 min were observed. 
Maximum echo he igh t ,  maximum r e f l e c t i v i t y ,  and maximum echo area were 
found t o  occur be fo re  t h e  IR temperature t h r e s h o l d  matching echo areas 
>25 dBz and t h e  minimum temperature o f  i n f r a r e d  maximum count. 
Fu tu re  i n v e s t i g a t i o n s  are  a n t i c i p a t e d  t o  
I n  some o f  t h e  graphs presented (Figs.  4A-S and 5A-S), t i m e  lags  
I n  p r a c t i c e ,  t h e  technique i n v o l v e s  t h e  use o f  two l i n e a r  
reg ress ions  and a h is togram t o  es t ima te  r a i n  volumes. 
l i n e a r  reg ress ion  r e l a t i n g  the  I R  minimum temperature averaged over 
The f i r s t  
- 39- 
t h e  c l u s t e r  l i f e t i m e  t o  t h e  temperature matching t h e  rada r  AT1 ( c o r r .  
coef. of .93)  i s  used t o  d e l i n e a t e  t h e  r a i n y  p o r t i o n  of t h e  convec t i ve  
c l o u d  area. The h is togram r e l a t e s  t h e  temperature matching t h e  radar  
AT1 t o  the  AT I .  The second l i n e a r  reg ress ion  es t imates  t h e  t o t a l  r a i n  
volume from t h e  AT1 . 
The s i m p l i f i e d  procedure i n v o l v e s  j u s t  two l i n e a r  regress ions :  
one r e l a t e s  t h e  average I R  minimum temperature d i r e c t  t o  t h e  s a t e l l i t e  
AT1 ( c o r r e l a t i o n  c o e f f i c i e n t  .77), and t h e  second r e l a t e s  t h e  AT1  t o  
t h e  r a i n  volume. A p p l i c a t i o n  o f  t h i s  s i m p l i f i e d  procedure gave poorer  
r e s u l t s ,  as expected. 
c a r e  i n  the  d e f i n i t i o n  o f  t h e . s a t e l l i t e  s e c t o r  o f  i n t e r e s t .  F u r t h e r  
work i s  d e f i n i t e l y  i nd i ca ted .  
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